The transient liquid phase (TLP) bonding process of Ni using a Ni-11 mass%P binary filler metal was simulated by using both a phase-field model (PFM) and a moving boundary model (MBM). The dissolution of the base metal and isothermal solidification behavior during the TLP bonding process were simulated, and the results calculated by using the PFM were compared with those obtained by using the MBM. The results obtained during the isothermal solidification process in the two models were the same. The change in the concentration at the solid-liquid interface during the dissolution of the base metal was examined, and deviation from the local equilibrium concentration occurred in samples with a high heating rate in the phase-field simulation. On the other hand, the local equilibrium was always maintained in the MBM, but the calculation time of the simulation using the MBM was several hundred-times faster than that using the PFM.
Introduction
Transient liquid phase (TLP) bonding is a technique that was originally developed for bonding of Ni-base heatresistant alloys, and a good bonding region having the same structure as the base metal with no heat-affected zone (HAZ) can be obtained by using this technique. [1] [2] [3] The TLP bonding process, which is controlled by the diffusion of solute elements in liquid and solid, can be classified into three stages: 4) (1) dissolution of a base metal, (2) isothermal solidification and (3) homogenization. In these stages, an isothermal holding stage requires the longest time in the entire bonding process and determines the overall bonding time. If isothermal solidification is not completed during the isothermal holding stage, liquid remains in the bonding region, and brittle eutectic or peritectic phases may form during the cooling stage and spoil the mechanical properties of the joint. 1, 3, 5, 6) The dissolution of the base metal is also an important factor because the isothermal solidification time is influenced by the amount of the dissolved region. In order to predict the optimum conditions for the real bonding operation, it is important to clarify the effects of the process parameters on the dissolution of the base metal and subsequent isothermal solidification. However, many experimental works would be required to obtain the optimum conditions, and it is desirable to develop the mathematical model to simulate the TLP bonding process.
Several mathematical models, both analytical and numerical, have been presented to predict the TLP bonding process. [7] [8] [9] [10] The authors have also developed numerical models to simulate the TLP bonding process for binary and ternary systems and have examined the factors controlling the isothermal solidification process. 7, 8) Most of the proposed models, including the authors' models, are one-dimensional moving boundary model assuming a local equilibrium at the solid-liquid interface. Although the assumption of a local equilibrium holds true for usual solidification processes such as casting, the solute distribution at the solid-liquid interface will deviate from the equilibrium state during both rapid solidification and rapid dissolution processes. However, it is very difficult to introduce a non-equilibrium condition into a moving boundary model.
Recently, the phase-field method has been used as a powerful tool for solidification analysis. [11] [12] [13] [14] [15] This method automatically satisfies the local equilibrium at the solidliquid interface when the interface velocity is relatively low. The phase-field method is also known to produce solute trapping phenomena during rapid growth conditions. It may therefore be expected that the phase-field method can be used to predict the dissolution process of the base metal and subsequent isothermal solidification process under both the equilibrium and non-equilibrium states.
The aims of this study were: 1) to establish a basic onedimensional phase-field model of the TLP bonding process and 2) to compare the dissolution and isothermal solidification behavior simulated using the phase-field model (PFM) and that simulated using the moving boundary model (MBM). The advantages and disadvantages of the two models were discussed in this paper.
Simulation Methods of the TLP Bonding Process

Phase-field model
Two governing equations, phase-field equation and diffusion equation, are used in a PFM. The governing equations of the PFM used for an alloy and the free energy density of a solid-liquid mixture, f ðc; Þ, are expressed as follows. and M are phase-field parameters, which were determined as follows:
Here, is the interfacial energy, is the thickness of interface region, R is the gas constant, T is the absolute temperature, V m is the molar volume, k is the partition coefficient and is the kinetics coefficient. M is a phase-field parameter related to the growth or dissolution kinetics of the solid-liquid interface. The derivation of phase-field parameters is described in detail in a paper by Kim et al.
15)
Moving boundary model
The MBM presented by Shinmura et al., 7) in which a local equilibrium at the solid-liquid interface was assumed and the position of the solid-liquid interface is continuously determined by calculating the diffusion in both liquid and solid, was used for simulation of the TLP bonding process. The basic equations used in the MBM are as follows:
where C L and C S are the equilibrium concentrations of liquid and solid at the interface, respectively, X L=S is the position of the solid-liquid interface, D L and D S are the diffusion coefficients of solute in liquid and solid, respectively, T m is the melting point of pure metal (here Ni), m is the slope of liquidus line, C is the solute content of the grid in which the solid-liquid interface exists, and f L is the liquid fraction of the grid.
Calculation procedure
A Ni-11 mass%P binary alloy was selected as the filler metal, and the TLP bonding process of Ni was calculated by using both the PFM and MBM. The physical properties of the Ni-P binary alloy used in the simulation are shown in Table 1 . Because the thermodynamic data of a regular solution model for a Ni-P system could not be obtained from the literature, a dilute solution model was used as a free energy function for the Ni-P alloy, which is needed in the PFM calculation. Diffusion coefficients of the solute in liquid and solid were calculated at each time step by eq. (13) to take account of the temperature dependence.
where D 0 is the frequency factor, Q is the activation energy, and i denotes liquid or solid. Since the diffusion coefficient of P in Ni was not found in the literature, the diffusion coefficient of P in austenite steel was used instead in the calculation. The diffusion coefficient of P in liquid Ni was also not found in the literature, and the value of P in molten iron therefore used instead. The partition coefficient of P determined from a published Ni-P binary alloy phase diagram 16 ) is very small (k ¼ 1:55 Â 10 À2 ). Nakagawa et al. 9) reported that the results of calculation of the TLP bonding process in a Ni-P system using a small partition coefficient of P did not agree with the experimental results. 9) Therefore, the partition coefficient of P for austenite (k ¼ 0:13) was used in the present calculation, as it was in the work of Nakagawa et al.
9)
The following assumptions were considered to simulate the TLP bonding of Ni using a Ni-11 mass%P filler metal. First, because the solute diffuses in a direction perpendicular to the solid-liquid interface during the TLP bonding process, it was assumed that a one-dimensional calculation domain would be sufficient. Second, because the shape of the joint sample was symmetrical with respect to the center of the sample (Fig. 1) , it was assumed that only half of the sample would be sufficient for simulation. Third, it was assumed that densities of the solid and liquid were equal and constant. Finally, it was assumed that dissolution and solidification proceed with planar solid-liquid interface morphology. In order to solve eqs. (1), (2), (8) and (9) numerically by using the finite difference method, the samples for both the PFM and MBM were divided into one-dimensional grids along with the length of the samples. The sizes of grids in the PFM and MBM were 0.2 mm and 1.0 mm, respectively. The mathematical expressions for the boundary conditions at the center of the sample and the sample edge were as follows:
Equation (15) was used only in the PFM, and eq. (11) was used in the MBM as the boundary condition at the solidliquid interface. The bonding stages of the simulation were as follows: a sample was heated from the eutectic temperature of 1143 K (stage 1), held at 1473 K for a certain time (stage 2), and then cooled to the eutectic temperature (stage 3) (see Figs. 2 and  3) . The bonding conditions are shown in Table 2 . The initial conditions at the solid-liquid interface in the PFM are ¼ 0:5 and the eutectic concentration for the initial interface grid and that in the MBM are the concentration of solid and liquid satisfied the local equilibrium at eutectic temperature. Figure 4 shows the changes in liquid width during the TLP bonding process for the two models. Figures 4(a) and (b) show the results of simulation using the PFM and MBM, respectively. The bonding conditions were T B ¼ 1473 K, t H ¼ 3600 s, R H ¼ 0:33 K/s, R C ¼ 0:25 K/s, and thickness of the filler metal of 50 mm. The maximum liquid widths of the dissolved base metal during the heating process were 113.4 mm in the PFM and 114.0 mm in the MBM. The following simple formula has been proposed for estimating the maximum liquid width, W max , under the condition of no diffusion in the solid: In the isothermal holding stage, the liquid width gradually decreased due to diffusion in the solid, and the total reductions in liquid width were 9.2 mm in the PFM and 9.4 mm in the MBM. Isothermal solidification was not completed under the bonding conditions used, and liquid of approximately 105 mm in width for both models remained at the end of the isothermal holding stage. After the isothermal holding stage, the liquid width decreased due to solidification during the cooling stage, and the widths finally became 39.2 mm in the PFM and 40.0 mm in the MBM. The residual liquid was then transformed into a eutectic structure. Phase-field Simulation of Transient Liquid Phase Bonding Process of Ni Using Ni-P Binary Filler Metal 821
Results and Discussion
Results of the simulation
17) W max ¼ ðC 0 L =C B L ÞW 0 ;ð16Þ
Comparison of the PFM and the MBM
The calculated liquid width in the PFM was in good agreement with that in the MBM. The applicability of the PFM was confirmed because it has been reported that the results of calculation of the TLP bonding process using an MBM agreed well with the experimental results. 7, 8) However, calculation using the PFM required CPU time of approximately 70 hours (Athlon 800 MHz PC) in the present work. When the MBM was used, the same results could be obtained in less than 10 minutes. The reasons of this difference in computation times are 1) the change in the phase field must be calculated in the PFM in addition to calculation of the diffusion field and 2) finer grids must be used in the PFM for numerical calculation of the solid-liquid interface region.
From the viewpoint of prediction of the isothermal solidification time, the MBM may be more useful than the PFM. The problem of the long computation time when using the PFM may be overcome by using an improved algorithm in making the code of the PFM and the development of a high-performance computer in the near future. On the other hand, in the sample with the highest heating rate (33 K/s), the liquid width still kept on increasing after reaching the start of the isothermal holding stage (Fig.  5(c) ). The maximum liquid width in this sample was 45.7 mm, which is slightly larger than those of the other two samples with lower heating rates. Figure 6 shows the changes in the concentrations in liquid at the solid-liquid interfaces of the samples with three heating rates during the heating stage. In the sample with the lowest heating rate (0.33 K/s), the liquid concentration changed along the equilibrium liquidus line from the eutectic to the bonding temperature. On the other hand, in the sample with highest heating rate (33 K/s), the liquid concentration deviated from the equilibrium concentration to a higher concentration region, and the liquid concentration reached an equilibrium concentration within a few seconds after the temperature had reached the bonding temperature. In the sample with a medium heating rate (3.3 K/s), the behavior was between that in the case of 0.33 K/s and that in the case of 33 K/s. These results indicate that in the case of a relatively high heating rate, the local equilibrium at the solid-liquid interface dose not hold true and that the concentrations in liquid and solid at the solid-liquid interface deviate from the equilibrium concentrations.
As shown above, the PFM enables prediction of the dissolution process at a high heating rate in which the local equilibrium dose not hold true. Thus, that the PFM should be used to analyze the process in which the effect of a nonequilibrium state is not negligible. On the other hand, for items in which the effect of a non-equilibrium state is not important, such as the prediction of isothermal solidification time, the MBM, which has high cost performance for CPU time as described in section 3.2, should be used.
Conclusions
Numerical simulations of the TLP bonding process of Ni using a Ni-11 mass%P binary filler metal were carried out by using a phase-field model and moving boundary model. The dissolution of the base metal and isothermal solidification behavior during the TLP bonding process were simulated. Based on the results of simulation, the comparison between the PFM and the MBM was carried out. The following results were obtained in this study:
(1) In the simulation of the dissolution process of the base metal with a high heating rate using PFM, deviation of the concentrations of P in liquid and solid at the solidliquid interface from the equilibrium values occurred. (2) As a result of the non-equilibrium state, the maximum dissolved liquid width in the sample with a high heating rate became slightly larger than that in the sample with a low heating rate in which the local equilibrium holds true. (3) The MBM cannot be used for treating a non-equilibrium state because a local equilibrium is assumed and incorporated in the model. However, the MBM has high cost performance for CPU time, and the computation time of simulation using the MBM is several hundredtimes faster than that using the PFM.
